The human immunodeficiency virus type-1 (HIV-1) accessory gene vpr encodes a conserved 96-amino-acid protein that is necessary and sufficient for the HIV-1-induced block of cellular proliferation. Expression of vpr in CD4 þ lymphocytes results in G 2 arrest, followed by apoptosis. In a previous study, we identified the ataxia telangiectasia-mutated (ATM) and Rad3-related protein (ATR) as a cellular factor that mediates Vpr-induced cell cycle arrest. In the present study, we report that the breast cancer-associated protein-1 (BRCA1), a known target of ATR, is activated in the presence of Vpr. In addition, the gene encoding the growth arrest and DNA damage-45 protein a (GADD45a), a known transcriptional target of BRCA1, is upregulated by Vpr in an ATRdependent manner. We demonstrate that RNAi-mediated silencing of either ATR or GADD45a leads to nearly complete suppression of the proapoptotic effect of Vpr. Our results support a model in which Vpr-induced apoptosis is mediated via ATR phosphorylation of BRCA1, and consequent upregulation of GADD45a.
Introduction
Human immunodeficiency virus type-1 (HIV-1) viral protein R (Vpr) causes cell cycle arrest in G 2 of infected lymphocytes, a phenotype that precedes cell death by apoptosis. [1] [2] [3] [4] It has been suggested that apoptosis of infected cells may play a significant role in the depletion of CD4 þ lymphocytes in vivo. [5] [6] [7] [8] The mechanism by which Vpr induces apoptosis is not fully understood. Muthumani et al. 9 reported that vprexpressing cells undergo apoptosis via the intrinsic pathway that involves loss of mitochondrial membrane potential. This pathway of apoptosis is characterized by cytochrome c release, and caspase 9 activation, and is triggered in the absence of death receptor ligation. 9 However, the initial event induced by Vpr towards activation of the proapoptotic signaling cascade has not been elucidated.
In an effort to elucidate whether Vpr might directly promote the release of proapoptotic mediators from the mitochondria, Vieira et al. 10 and Jacotot et al. 12 found that in a cell-free system, Vpr interacts with the permeability transition pore complex (PTPC) to cause ion permeability and swelling of mitochondria leading to release of cytochrome c. 10, 11 These results support a model in which Vpr induces mitochondrial depolarization directly rather than activating upstream stress signals. 10, 11 In contrast to the studies by Vieira et al. 10 and Jacotot et al., 11 our group demonstrated that treatment of vprexpressing cells with caffeine, which inhibits the DNA damage-signaling proteins ATM and ATR, significantly reduces Vpr-induced apoptosis. 4 Our observations indicated that Vpr first induces stress signals that are similar or identical to those induced by certain forms of genotoxic stress, and then these signals activate a proapoptotic signaling cascade. Recently, we found that ATR is the mediator of Vpr-induced DNA damage-like signals. 12 This finding provided us with the opportunity to use highly specific molecular tools, such as RNA interference (RNAi), to dissect the upstream signaling events triggered by Vpr. We specifically asked whether activation of ATR was required for Vpr-induced apoptosis, as we previously found for induction of G 2 arrest. 12 We hypothesized that, if Vpr induces apoptosis by directly binding and controlling the PTPC, then signaling through ATR would still be necessary for induction of G 2 arrest, but would be dispensable towards induction of apoptosis. Conversely, if ATR activation was required for induction of apoptosis, then examination of potential proapoptotic phosphorylation targets of ATR should lead to a specific target or set of targets that would mediate the signaling events between ATR activation and apoptosis.
ATR can directly control several targets via serine/ threonine phosphorylation. [12] [13] [14] [15] [16] [17] These targets include: the checkpoint kinase-1 (CHK1); RAD17; breast cancer associated-1 gene (BRCA1); the histone 2A variant X (H2AX); E2F; and p53. ATR targets initiate signaling cascades that may result in three global effects: cell cycle blockade, recruitment of DNA repair/transcription factors, and induction of apoptosis. We recently identified both RAD17 and H2AX as targets of Vpr. 18 We and others previously ruled out p53 as a mediator of apoptosis induced by Vpr. 4, 19 Therefore, in an effort to find mediators of apoptosis downstream of ATR, we focused on another proapoptotic target of ATR, BRCA1. BRCA1 is a tumor suppressor that is mutated in over half of the cases of hereditary breast cancer, 20 and has recently emerged as a regulator of both apoptosis and G 2 arrest. 21, 22 In response to genotoxic insults, BRCA1 is recruited to sites of DNA damage and is phosphorylated by both ATM and ATR. 17, 23 BRCA1 has been proposed to play a distinct role in DNA repair and apoptosis as a transcriptional regulator of genes including cyclin B1, p53R2, MDM2, and p53. 24 Recently, GADD45a was identified as a transcriptional target of BRCA1.
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GADD45a was originally identified in Chinese hamster cell lines as one of several genes rapidly induced by UV radiation. 25 GADD45a is induced by a variety of genotoxic stresses including ionizing radiation (IR), medium starvation, and methyl methanesulfonate (MMS), 26, 27 and has been shown to play roles in both G 2 /M arrest and apoptosis following DNA damage. 28, 29 Harkin et al. 22 demonstrated that BRCA1-induced upregulation of GADD45a resulted in c-jun N-terminal kinase/stress-activated protein kinase (JNK/ SAPK)-dependent apoptosis.
In the present study, we examined targets of ATR with possible roles in Vpr-induced apoptosis. We demonstrate that Vpr-induced apoptosis is signaled through the DNA damage signaling protein ATR, which initiates a pathway that involves phosphorylation of BRCA1 at residue S1423, and subsequent upregulation of GADD45a. We demonstrate that both ATR and GADD45a are required for Vpr-induced apoptosis.
Results

ATR is required for apoptosis induced by HIV-1 Vpr
We have previously shown that Vpr-induced G 2 arrest is signaled via the ATR DNA damage pathway. 12 Considering the growing body of evidence implicating ATR in the control of apoptosis, [30] [31] [32] [33] it was compelling to investigate the participation of ATR in the context of Vpr-induced apoptosis. We transfected HeLa cells with short-interfering RNA (siRNA) duplexes directed at ATR or nonspecific siRNA and then transduced cells with lentiviral vectors expressing either HIV-1 NL4-3 Vpr and GFP (pHR-VPR), or GFP alone (pHR-GFP), which were previously described. 34 The construct, pHR-VPR, expresses vpr and GFP from a dicistronic mRNA that uses an intervening internal ribosome entry site (IRES). To examine Vpr-induced apoptosis, we treated cells with the nuclear stain, 4 0 6-diamidino-2-phenylindole dihydrochloride (DAPI), and examined nuclear morphology (Figure 1a) . We found that treatment of pHR-VPR-transduced cells with ATR-specific siRNA resulted in a 67% decrease in apoptosis (Figure 1b ). This reduction in apoptosis correlated with a reduction in G 2 arrest (data not shown). As a control, we used siRNAs against ATM or checkpoint kinase-2 (CHK2). ATM is a close relative of ATR that was shown to be dispensable for Vpr-induced G 2 arrest. 2, 18 CHK2 is a checkpoint kinase that is activated by ATM, but not by ATR. Knockdown of ATM or CHK2 produced no appreciable changes in the level of apoptosis induced by Vpr (Figure 1b) . None of the siRNA treatments had a significant effect on apoptosis in mock-treated or pHR-GFPtransduced cells (Figure 1b) .
In addition to measuring apoptosis by DAPI staining, we confirmed our results by measuring caspase-induced cleavage of poly(ADP-ribose) polymerase (PARP). PARP cleavage produces an 89 kDa fragment that is an early result of caspase activation, which precedes DNA cleavage, 35, 36 and is essential for progression into apoptosis (reviewed in Bernstein et al. 30 ). ATR knockdown resulted in a marked decrease in Vpr-induced PARP cleavage compared to nonspecific siRNA, ATM, and CHK2 siRNA treatments (Figure 1c, compare lanes 2, 3, 5, 6 ). Kockdown of the corresponding proteins by each of the siRNAs was evaluated by Western blot (Figure 1d ).
To rule out the possibility that ATR-or GADD45a-specific siRNA treatments may relieve the effects of Vpr by disrupting expression of Vpr itself rather than affecting the function of ATR or GADD45a, we performed Western blot analysis for Vpr protein in the above experiments (Figure 1e ). None of the siRNA treatments had any appreciable effect on Vpr protein levels.
Vpr induces phosphorylation of BRCA1 at serine 1423 in an ATR-dependent manner
Following cellular insults such as ionizing radiation, BRCA1 is recruited to sites of DNA damage where it is phosphorylated by ATR and/or ATM. 17, 23, 37 Recruitment of BRCA1 to DNA damage foci can be visualized as a punctate nuclear staining pattern. 17, 23, 37 We previously demonstrated that Vpr-induced G 2 arrest is associated with BRCA1 and H2AX nuclear foci formation. 18 The above work demonstrated that BRCA1 was recruited to DNA damage foci as part of the G 2 checkpoint activation. 18 As ATR is also required for Vpr-induced apoptosis (Figure 1 ), and BRCA1 was previously shown to be able to trigger apoptosis, 22, 30 we reasoned that ATR may initiate apoptosis through phosphorylation of BRCA1. Following DNA damage, ATR phosphorylates BRCA1 at serine 1423. 17, 37 To determine whether Vpr induced the phosphorylation of BRCA1 at serine 1423 in an ATR-dependent manner, we infected HeLa cells with pHR-VPR and examined phosphorylation of BRCA1 at serine 1423 in the presence of either nonspecific or ATR-specific siRNA. We found that Vpr induced phosphorylation of BRCA1 at serine 1423 ( Figure 2a) . Treatment of HeLa cells with ATR-specific siRNA prior to transduction reduced Vpr-induced phosphorylation of BRCA1 ( Figure 2a) . Therefore, phosphorylation of BRCA1 by Vpr is ATR-dependent.
The previous experiments were performed with lentiviral vectors in which the vpr gene is expressed from a cytomegalovirus immediate-early promoter. Therefore, we sought to confirm that Vpr expressed in the context of an infection with full-length HIV-1 could induce BRCA1 phosphorylation at serine 1423. To test this, we infected immortalized, CD4 þ SupT1 lymphocytes with HIV-1 or a vpr mutant, termed HIV-1 VprX, that expresses a truncated form of Vpr. 39 We harvested cells at several timepoints postinfection, measured infection levels by staining for intracellular p24, and examined phosphorylation of BRCA1 by Western blot. To ensure that differences in levels of infection between the two viruses did not affect the results, we compared samples with similar levels of infection (32 and 40% of cells were p24-positive in the HIV-1, and HIV-1-VprX infections, respectively). We found that HIV-1 NL4-3 , but not HIV-1 NL4-3 VprX, induced BRCA1 phosphorylation at serine 1423 ( Figure 2b ). Therefore, Vpr is necessary and sufficient for induction of phosphorylation of BRCA1, whether expressed from a lentiviral vector or in the context of HIV-1. 
Knockdown of GADD45a relieves Vpr-induced apoptosis
Recent reports have suggested that GADD45a is a transcriptional target of BRCA1, 22, 24, 40 involved in the induction of apoptosis. 22 Based on these reports, and our observation that BRCA1 was activated in response to Vpr, we decided to examine whether GADD45a played a role in Vpr-induced apoptosis. We first examined whether GADD45a is required for Vpr-induced apoptosis. We treated HeLa cells with nonspecific siRNA or GADD45a-specific siRNA and then transduced them with pHR-VPR or pHR-GFP, and measured apoptosis by DAPI staining (Figure 1a) . We observed that efficient knockdown of GADD45a resulted in a 70% decrease in Vpr-induced apoptosis (Figure 1b) . However, ATM-specific, CHK2-specific, or nonspecific siRNA treatments had no appreciable effect on Vpr-induced apoptosis (Figure 1b) . PARP cleavage was then measured to verify the results from DAPI staining. As observed with ATR knockdown, GADD45a knockdown prior to pHR-VPR transduction resulted in a marked reduction in PARP cleavage (Figure 1c , compare lanes 2, 4-6).
Vpr upregulates GADD45 protein levels in primary CD4 þ lymphocytes and SupT1 cells Based on our previous observation that GADD45a was required for Vpr-induced apoptosis, we hypothesized that vpr expression would lead to upregulation of GADD45a. To determine whether Vpr expression resulted in upregulation of GADD45a protein, we transduced SupT1 cells (a CD4 þ lymphocyte cell line) and HeLa cells (HeLa cell data not shown) with pHR viruses. As an additional negative control, we used a lentiviral vector that expressed Vpr with the mutation R80A, which is unable to induce G 2 arrest or apoptosis. 41 We lysed cells at 24, 48 and 72 h posttransduction and measured GADD45a protein levels by Western blot. In order to quantify GADD45a upregulation by Western blot, we loaded, in parallel to our samples, two-fold dilutions of commercially available, recombinant GADD45a protein (Figure 3a) . Based on densitometry scanning analysis using recombinant protein as a standard, we estimated a fivefold upregulation of GADD45a protein at 48 h post-transduction in pHR-VPR-transduced cell lysates, in comparison to lysates from cells transduced with pHR-VPR(R80A) (Figure 3a) .
These results prompted us to examine whether Vpr could induce upregulation of GADD45a in primary human CD4 þ lymphocytes, a physiologically relevant target of HIV-1. We hypothesized that if an increase in GADD45a expression was associated Vpr-induced apoptosis, then Vpr(R80A) should not be capable of such an increase. Similar to our results in cell lines, transduction of primary human CD4 þ lymphocytes with pHR-VPR resulted in marked upregulation of GADD45a protein (Figure 3b ). In comparison, transduction with pHR-VPR(R80A) did not induce GADD45a upregulation above levels observed in mock-transduced lysates ( Figure 3b ).
As we reasoned earlier for BRCA1 phosphorylation, it is possible that overexpression of Vpr from lentiviral vectors may artificially induce stress signals that result in increased GADD45a protein. To rule out this possibility, we performed infections with HIV-1 NL4-3 and HIV-1 NL4-3 VprX and tested the Figure 3 Vpr upregulates GADD45a protein levels in both SupT1 cells, and primary human CD4 þ lymphocytes. (a) SupT1 cells were transduced with pHR-VPR or pHR-VPR(R80A), then harvested 24, 48, and 72 h post-transduction. Cell lysates from each timepoint were subjected to Western blot analysis with polyclonal antibodies against GADD45a. In order to quantify levels of GADD45a, purified, recombinant GADD45a protein was loaded, in two-fold dilutions. (b) Primary human CD4 þ lymphocytes were transduced with pHR-VPR or pHR-VPR(R80A), then harvested 48 and 72 h post-transduction. Primary cell lysates were subjected to Western blot analysis with polyclonal antibodies against GADD45a. Transduction efficiencies for both pHR-VPR and pHR-VPR(R80A) in primary CD4 þ lymphocytes were between 25 and 30%, a marked reduction from efficiencies observed in SupT1 cells, which ranged from 70 to 80%. (c) SupT1 CD4 þ lymphocytes were infected with either HIV-1, HIV-1-VprX, or mock treated. Once infection levels were similar, cells were harvested and subjected to Western blot analysis with polyclonal antibodies against GADD45a. Purified, recombinant GADD45a was used to estimate the fold-upregulation of GADD45a in our samples (Figure 3c) , similar to what we observed in SupT1 cells transduced with pHR-Vpr. These data correlate with our observation that HIV-1 NL4-3 , but not HIV-1 NL4-3 VprX, induces BRCA1 phosphorylation (Figure 2b ).
Induction of GADD45a by Vpr is ATR-dependent
Although overexpression of BRCA1, a known target of ATR, has been shown to transcriptionally upregulate GADD45a, 22 no functional relationship has previously been established between ATR and GADD45a. To determine whether GADD45a induction by Vpr was dependent on signaling via ATR, we asked whether knockdown of ATR would impair upregulation of GADD45a. We transfected HeLa cells with ATR siRNA or scrambled siRNA, and then transduced these cells with pHR viruses. At 48 h post-transduction, we measured GADD45a protein levels by Western blot (Figure 4 ). Knockdown of ATR resulted in abrogation of Vpr-induced GADD45a upregulation. As a control experiment, knockdown of GADD45a did not reduce ATR protein levels (Figure 1d ). These data confirm that Vpr upregulates GADD45a via ATR and that this regulation is unidirectional.
Caspase inhibition does not abrogate Vpr-induced G 2 arrest or BRCA1 phosphorylation
It has been proposed that Vpr associates with the mitochondrial PTPC and induces cytochrome c release, caspase activation, and subsequent apoptosis. 10, 11 Our data suggest a model in which Vpr is activating a proapoptotic DNA damage pathway that is mediated by ATR and GADD45a and lies upstream of mitochondrial signaling. In an attempt to reconcile the apparent differences between these two models, we hypothesized that early caspase activation induced by Vpr binding to the PTPC may activate the ATR pathway. We reasoned that a low level of caspase activity could potentially lead to DNA degradation, 42 which may, in turn, activate ATR. To test this hypothesis, we transduced SupT1 cells with pHR-Vpr or pHR-Vpr(R80A), then treated with a pan-caspase inhibitor (Z-VAD-FMK) for the duration of the experiment. A previous study from our group demonstrated that BOC-D-FMK, another pan-caspase inhibitor, could effectively block Vpr-induced apoptosis.
3 At 48 h post-transduction, we harvested cells and measured caspase 3 activity, G 2 arrest, and phosphorylation of BRCA1 at serine 1423. We found that incubation with Z-VAD-FMK (Figure 5a ) had no effect on BRCA1 phosphorylation at serine 1423 (Figure 5b ) or G 2 arrest (Figure 5c ) in the presence of Vpr.
Induction of apoptosis by Vpr is not mediated by activation of the MAP kinases, JNK, or p38
Considering earlier reports that GADD45a activates a mitogen-activated protein kinase (MAPK) cascade culminating in Jun N-terminal kinase (JNK) activation and apoptosis, 22 we decided to examine whether Vpr-induced apoptosis was associated with activation of JNK. We measured phosphorylation of c-Jun, a target of JNK, in response to Vpr. As a positive control for JNK activation, we treated cells with anisomycin. Transduction of SupT1 cells with pHR-VPR did not result in any detectable phosphorylation of c-Jun (Figure 6a ). We reasoned that it is possible that Vpr activates JNK in a manner that does not result in phosphorylation of cJun. In order to measure JNK activation in a more direct manner, we transduced SupT1 cells with pHR-VPR, then harvested and lysed cells at 24, 48 and 72 h post-transduction. Cell lysates from each time point were subjected to Western blot with phospho-specific antibodies against JNK. In agreement with the previous data, we determined that JNK was not activated in response to Vpr (data not shown).
In view of the negative results concerning the role of JNK downstream from GADD45a, we turned our attention to p38 kinase, another member of the MAPK family implicated in apoptosis. 43 We infected SupT1 cells with pHR-VPR and harvested three time points at 24, 48, and 72 h post-infection, then assayed for the presence of activated, phosphorylated p38 kinase by Western blot. We found that, as we previously observed for JNK, p38 kinase was not activated in Vprexpressing cells (Figure 6b) . Therefore, our work conclusively demonstrates the requirement of ATR and GADD45a for Vpr-induced apoptosis, and a correlation with BRCA1 activation/phosphorylation. However, our experiments failed to identify the downstream mediators of GADD45a among two documented candidates, JNK and p38. Therefore, we hypothesize that an unsuspected cellular factor(s) may participate in GADD45a-mediated apoptosis in the context of Vpr and, perhaps, also in the context of certain forms of stress. Future investigations will be aimed at identifying downstream targets of GADD45a.
Discussion
Loss of CD4 þ lymphocytes over the course of an HIV-1 infection plays a central role in disease progression and immune suppression in AIDS patients (reviewed in Hazenberg et al. 44 ). However, the exact mechanism by which CD4 þ T cells are lost is poorly understood. Several Figure 4 Vpr-induced upregulation of GADD45a is ATR-dependent. HeLa cells were transfected with either nonspecific siRNA, GADD45a-specific siRNA, or ATR-specific siRNA, then mock-transduced or transduced with pHR-VPR. The cells were lysed at 48 h post-transduction and subjected to Western blot with polyclonal antibodies against GADD45a mechanisms have been proposed to explain the loss of CD4 þ T cells in HIV-1-infected patients, including direct killing by HIV-1 infection, CD8 þ T-cell-mediated killing of infected CD4 þ lymphocytes, and apoptosis of uninfected 'bystander' cells. In addition, the HIV-1 proteins Tat, Rev, Vpu, Nef and Vpr have been implicated in the apoptosis of infected and/or bystander cells (reviewed in Roshal et al. 34 ). Since Vpr was found to be sufficient to induce apoptosis, 1 the functional relationship between induction of apoptosis and that of G 2 arrest has been somewhat controversial. While G 2 arrest plateaus at approximately 36 h post-transduction with Vpr-expressing lentiviral vectors, apoptosis appears to be maximal at 48-72 h (Andersen and Planelles, unpublished). In addition, alleviation of cell cycle arrest with drugs such as caffeine largely eliminated induction of apoptosis. 4, 45 On the other hand, mutants of Vpr have been described, which are able to dissociate both phenotypes partially. [46] [47] [48] [49] The results from the present study suggest yet a different model. We propose that G 2 arrest and apoptosis are induced concomitantly, since both are dependent on activation of the same kinase, ATR. However, for reasons that are not clear, apoptosis and G 2 arrest develop with different kinetics, such that G 2 arrest peaks first. According to this model, two different targets of ATR initiate the G 2 arrest and apoptotic responses. We propose that these are CHK1 and BRCA1/ GADD45a, respectively. In support of this model, siRNAmediated knockdown of ATR effectively abrogates both responses.
Previous reports have demonstrated in vitro binding of Vpr to the PTPC, which resulted in the release of cytochrome c from fractionated mitochondria. 10, 11 These observations suggest that Vpr induces mitochondrial depolarization directly rather than activating upstream stress sensors, such as ATR. The observations of Jacotot et al. 11 would suggest that Vpr induces apoptosis rapidly after being expressed, while observations made with virus infection indicate that apoptosis induced by Vpr is maximal at day 3 postinfection. In addition, the model proposed by Jacotot et al. does not explain the observation that Vpr-expressing cells undergo apoptosis in a cell cycle-dependent manner, specifically from G 2 . 39 However, it would be theoretically possible that an interaction between Vpr and the PTPC may lead to activation of the ATR/ DNA damage pathway. Specifically, one may hypothesize that low-level caspase activation resulting from the Vpr-PTPC interaction might lead to DNA degradation, 42 and ultimately activate ATR toward G 2 arrest. We observed that treatment with caspase inhibitors in the presence of Vpr did not alter the levels of G 2 arrest or the phosphorylation of BRCA1 at serine 1423 (an upstream signal leading to the commitment to apoptosis). These data suggest that caspase activation, induced at any point over the course of Vpr expression, is not the trigger of ATR or BRCA1 activation. To reconcile We have previously observed BRCA1 foci formation as a downstream consequence of G 2 arrest. 18 In the present study, we further demonstrate that Vpr induces ATRdependent phosphorylation of BRCA1 at serine 1423, which is indicative of BRCA1 activation following genotoxic stress. 17 Past reports have suggested a role for BRCA1 in transcriptional regulation of genes involved in cell cycle arrest, apoptosis, and DNA repair. 24, 40 Specifically, overexpression of BRCA1 resulted in transcriptional upregulation of GADD45a. 22 , 24 We observed activation of BRCA1 concomitant with upregulation of GADD45a. It will clearly be important to determine whether upregulation of GADD45a, by Vpr, requires BRCA1. However, past attempts to downregulate BRCA1 by RNAi have proven unsuccessful in our laboratory.
The downstream signaling events from GADD45a leading to apoptosis remain uncertain. Interestingly, upregulation of GADD45a by Vpr does not result in activation of the MAP Kinases p38 or JNK. 22, 50 In the context of reports from Harkin et al. 22 demonstrating that overexpressed BRCA1 results in GADD45a upregulation and JNK-dependent apoptosis, our results suggest that a unique JNK-and p38-independent pathway is active in Vpr-induced apoptosis. Wang et al. 51 demonstrated that GADD45a-deficient fibroblasts are capable of JNK activation following DNA damage, and wild-type fibroblasts, in response to UV radiation, showed JNK activation prior to GADD45a upregulation. These data suggest that the proapoptotic effects of GADD45a may be signaled by a pathway that circumvents activation of the MAP kinases, p38, and JNK. GADD45a is able to associate with several cellular proteins, including p21
Waf1 , CDC2, and the proliferating cell nuclear antigen (PCNA). 28, [52] [53] [54] It will be important to establish whether any of the known GADD45a partners play a role in apoptosis induced by Vpr.
Materials and Methods
Cell lines, primary cells, and treatments
The human cervical cancer cell line, HeLa, was maintained in Dulbecco's modified Eagle's medium (DMEM) (BioWhittaker, Walkersville, MD, USA) supplemented with 10% fetal calf serum (FCS). The human T-cell line SupT1 was propagated in RPMI 1640 (BioWhittaker) supplemented with 10% FCS. Primary human CD4 þ lymphocytes were first isolated in buffy coats using vacutainer cell preparation tubes according to the manufacturer's protocol (Becton Dickinson, Franklin Lakes, NJ, USA). Buffy coats were then purified further using a CD4 þ isolation kit (Dynal Biotechnology, Olso, Norway) according to the manufacturer's instructions. Isolated lymphocytes were cultured in RPMI 1640 supplemented with 100 m/ml IL-2 (National Institute of Health, AIDS research and reference reagent program, Rockville, MD, USA), 6 mg/ml phytohemaglutinin (Sigma Aldrich, St. Louis, MO, USA; L-9017), and 10% FCS, for a period of 4 days prior to transduction. Following transduction, primary lymphocytes were cultured in RPMI 1640 supplemented with 10% FCS and 100 m/ml IL-2. SupT1 cells were incubated in 20 mM Z-VAD-FMK pan caspase inhibitor (BD Pharmingen, San Diego, CA, USA), and media with caspase inhibitor was replaced daily.
Transduction methods
SupT1 and primary CD4 þ lymphocytes were transduced with virus diluted in cell culture media with 8 mg/ml polybrene. Transduction was performed as previously described, 55 HeLa cells were transduced in six well plates with virus diluted into cell culture media with 10 mg/ml polybrene. After 6 h, virus was replaced with fresh culture media. Transduction efficiencies were verified by flow cytometry for each experiment to ensure that efficiencies were similar between treatments.
Western blotting procedures
All Western blots were performed using the BioRad Criterion gel system (BioRad, Hercules, CA, USA). Recombinant GADD45a protein was obtained from Santa Cruz Biotechnology, Santa Cruz, CA, USA. Antibodies used were GADD45a (Santa Cruz Biotechnology; sc-797), Actin (Santa Cruz Biotechnologies; sc-797), CHK2 (Santa Cruz Biotechnology; sc-8813), ATM (Novus Biologicals, Littleton, CO, USA; catalog #100-104H1), phospho-JNK-Tyr183 (Cell Signaling Technology 24, 48 , and 72 h post-transduction. VPRinduced phosphorylation of p38 kinase was determined by Western blot using a phospho-specific antibody against p38 kinase. As a positive control, cells were treated with anisomycin to induce p38 kinase activation were treated with anisomycin (Sigma Aldrich) at a concentration of 25 mg/ ml for 30 min, then lysed immediately. Changes in protein levels observed by Western blot were assessed by densitometry scanning.
Immunofluorescence staining
Cells were harvested 48 h post-transduction by trypsinization. Cells were then fixed in 2% paraformadehyde in phosphate-buffered saline (PBS) for 35 min at 41C then washed 3 times for 5 min in PBS. All subsequent steps were carried out at room temperature. Samples were then blocked and permeabilized for 20 min in blocking buffer (3% bovine serum albumin (BSA), 0.2% Triton X-100, 0.01% skim milk in PBS). Primary antibody rabbit anti-BRCA1 (Bethyl Laboratories) was diluted 1 : 400 in incubation buffer (1% BSA, 0.02% Triton X-100 in PBS) and incubated on cells for 45 min. Cells were then washed with PBS, after which secondary antibody (goat anti-rabbit IgG-AlexaFluor568-conjugate; Molecular Probes, Eugene, OR, USA) was applied for 35 min diluted 1 : 500 in incubation buffer. Cells were then washed with PBS as before and mounted on glass slides using FluorSave reagent (CalBiochem, San Diego, CA, USA). Cells were then visualized for g-H2AX immunostaining and GFP expression by scanning fluorescence confocal microscopy (FluoView FV300, Olympus, Melville, NY, USA).
Apoptosis assays
Cells were fixed in 2% paraformaldehyde (in PBS) for 15 min at room temperature. Fixed cells were then permeabilized in 0.1% Triton X-100 (in PBS) for 15 min at room temperature, then washed 2 times in PBS and incubated in 0.5 mg/ml 4 0 ,6-diamidino-2-phenylindole, dihydrochloride (DAPI) (Molecular Probes) dissolved in PBS, for 45 min at 371C. DAPItreated cells were then analyzed by fluorescence microscopy. Random fields were chosen throughout the dish and apoptotic cells were marked by the presence of fragmented nuclei. Total apoptotic cells from three independent experiments were counted and divided by the total cell number to obtain a percentage of apoptotic cells for each treatment with standard deviations. A minimum of 1000 cells were counted per treatment/ per experiment. PARP cleavage was assayed by Western blot as described above. SupT1 cells were stained with CaspACE-FITC (FITC-VAD-FMK) according to manufacturers protocol (Promega, Madison, WI, USA).
SiRNA treatments
All siRNA treatments were performed with Dharmacon smart pool siRNA duplexes: GADD45a (Dharmacon, Lafeyette, CO, USA; M-003893-00), ATR (Dharmacon; M-003202-01), ATM (Dharmacon; M-003201-01), CHK2 (Dharmacon; M-003256-03), and scrambled siRNA (Dharmacon; D-001206-13-05). Smart pool siRNAs were transfected at a final concentration of 100 nm into exponentially growing HeLa cells with oligofectamine (Invitrogen, Carlsbad, CA, USA), all according to the manufacturer's protocols.
In vitro kinase assay
SupT1 cells were infected with pHR-VPR and as a VPR-minus control, pHR-GFP, then lysed at 48 h post-transduction with supplied lysis buffer. JNK kinase activity was measured with the SAPK/JNK nonradioactive assay kit (Cell Signaling Technology), according to the manufacturer's protocol.
Note added in proof
Coberley et al. reported recently that BRCA1 and GADD45 are upregulated in macrophages infected with HIV-1 (reference 56 ).
